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Abstract. Spray-drying was chosen as an appropriately scalable manufacturing method to dry cellulose
nanofibril (CNF) suspensions. Spray-drying of two different types of CNF suspensions—nanofibrillated
cellulose (NFC) and cellulose nanocrystals (CNC)—was carried out using a laboratory-scale spray dryer.
Effects of three spray-drying process parameters on particle morphology and particle size distribution were
evaluated: 1) gas flow rate; 2) liquid feed rate; and 3) suspension solids concentration. Particle morphology
was characterized by scanning electron microscopy (SEM) and a morphology analyzer. SEM showed that
spray-drying of NFC formed fibrous particles and fibrous agglomerates, whereas spray-drying CNCs pro-
duced spherical and mushroom cap (or donut)-shaped particles. Particle morphology formation mecha-
nisms are proposed for spray-drying nanocellulose suspensions. The effect of the three spray-drying process
parameters on particle size distribution depended on the drying nature of the materials. The three parameters
interacted to significantly affect particle size of CNC suspensions, whereas they did not interact to affect
particle size of NFC suspensions. For the CNC suspension, a higher gas flow rate produced smaller particle
sizes. The gas flow rate did not affect particle size for NFC suspensions. The effect of liquid feed rate and
solids concentration on CNF particle size was negligible in this study. The smallest mean circle equivalent
diameters produced in this study were 3.95 mm for NFC and 3.64 mm for CNC.
Keywords: Nanocellulose, spray-drying, particle morphology, particle size distribution.
INTRODUCTION
The intensive research of cellulose nanofibrils
(CNF) and their application as a reinforcing com-
ponent in polymer composites have received con-
siderable attention (Beecher 2007; Hubbe et al
2008; Eichhorn et al 2010; Habibi et al 2010;
Siro and Plackett 2010; Siqueira et al 2010;
Klemm et al 2011; Moon et al 2011). Because
of their hydrophilic nature and propensity to
agglomerate, a major processing challenge is
to properly dry CNF from aqueous suspen-
sions (Gardner et al 2008). In a previous study
(Peng et al 2012), spray-drying was proposed
as a technically appropriate manufacturing pro-
cess for drying nanocellulose suspensions.
Particle morphology and particle size distribution
are two critical factors in determining properties
of dried powders (wettability, stability, and cohe-
siveness or dispersability) and their applications in
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composites (Vehring 2007; Moczo and Pukanszky
2008). Different particle morphologies and sizes
with desired physical properties can be generated
by manipulating the spray-drying process param-
eters (Nandiyanto and Okuyama 2011). Gen-
erally, six unit operations are involved in a
spray-drying process: 1) preconcentration of the
liquid; 2) atomization; 3) dehydration in a stream
of hot gas; 4) powder separation; 5) cooling; and
6) packaging. Among the six unit operations,
four mainly determined the particle morphology:
preconcentration of the liquid feed, atomization,
hot air drying, and cyclone separation. Precon-
centration of the feeding liquid to an appropriate
viscosity is a required first step. Higher solids
concentration of the suspension produces larger
particle sizes. At the same time, the specific drying
nature of a liquid, liquid viscosity, liquid density,
and surface tension also influences the particle
properties (Nukiyama and Tanasawa 1938; Kim
and Marshall 1971; Kumar and Prasad 1971;
Rizkalla and Lefebvre 1975; Lefebvre 1989;
Walton andMumford 1999; Schick 2006; Vehring
2007; Hede et al 2008). Phenomenological studies
of spray-dried particles showed that morphologies
were dependent on the type of materials: 1) spheri-
cal particles for most materials; 2) agglomerates
for aluminum oxide; 3) hollow (skin-forming)
particles for coffee; 4) mushroom cap-shaped
particles for glycoprotein, etc. The mean droplet
size increased with an increase in liquid vis-
cosity and liquid surface tension and decreased
as liquid density increased. Because the liquid
suspension was pumped through the atomization
system, design variables of the atomizer (liquid
orifice diameter and nozzle angle) and the oper-
ating variables (liquid feed rate and gas flow
rate) can be controlled to generate particles with
different morphologies (Kim and Marshall 1971;
Kumar and Prasad 1971; Hede et al 2008). The
sprayed droplet size increased with increases in
liquid feed rate and decreased as gas flow rate
increased. However, all the studies were based on
specific atomization systems. Different materials
may perform differently with different atomizers.
There is no agreement among researchers relat-
ing the variation of droplet size among process
variables. Interactions among all the variables
make agreement impossible. As the atomized
sprays flow along the drying chamber in contact
with the hot gas, movement of moisture in the
droplet may cause particles to inflate, distort, or
shrink. Depending on the nature of the materials,
the drying surface of the droplet may move
faster or slower than the dissolved or suspended
components. These behaviors contribute to the
different mechanisms forming the dried particles
(Vehring 2007). The last unit operation affecting
dropletmorphology is the cyclone separation. Very
small particles can be aspirated to the exhaust or
collected using an electrostatic precipitator.
Given a spray dryer with a pneumatic two-fluid
atomization system, three operating variables
mainly determine the dried particle morphology:
1) CNF suspension concentration; 2) liquid feed
rate; and 3) gas flow rate. The overall goal of
this study was to provide insight into the fun-
damentals of spray-drying nanocellulose sus-
pensions. The objectives were 1) to produce the
smallest particle size of CNF by manipulating
the three process variables; and 2) to quantify
the obtained particle morphology.
EXPERIMENTAL
Materials
Two CNF suspensions were studied: 1) a com-
mercial product of nanofibrillated cellulose (NFC)
suspension ARBOCEL MF40-10 at 10 wt %
from J. Rettenmaier & Sohne GMBHþCO.KG
(Rosenberg, Germany); and 2) a cellulose nano-
crystal (CNC) suspension at 6.5 wt % from the
USDA Forest Service, Forest Products Labora-
tory (Madison, WI). Spray-drying of CNF sus-
pensions was conducted using a laboratory-scale
dryerMini SprayDryer B-290 (Buchi, Switzerland).
High-purity nitrogen gas was injected to form
the suspension droplets.
Experimental Design of Spray-Drying
Cellulose Nanofibril Suspensions
Experiments were designed to evaluate effects
of the three process parameters on particle mor-
phology and particle size distribution: 1) gas
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flow rate; 2) liquid feed rate; and 3) solid con-
centration of the liquid. A completely random
design (23 factorial arrangements of treatments)
with eight experimental runs was carried out
to evaluate the three process factors at two
levels (Table 1). An identical inlet temperature
of 175C for the drying gas determined from
an earlier study was used for all experiments.
The disruption of liquid into small droplets by
the injected gas (nitrogen) was dependent on the
viscosity of the suspension. The nozzle may
become clogged during spray-drying of an NFC
suspension with solids concentration greater
than 2 wt %. Therefore, solid concentrations of
CNF used were 1 and 2 wt % in water. Tem-
peratures of spray-dried particles exiting from
the drying chamber (outlet temperature) for
each drying experiment were recorded. Before
drying, distilled water was added to the origi-
nal two suspensions and mixed using a Speed
Mixer (Flack Tek Inc., Landrum, SC) for 4 min
at 2000 rpm to obtain final CNC and NFC sus-
pension concentrations.
Scanning Electron Microscopy
Scanning electron microscopy (SEM) studies
on morphologies of dried samples were carried
out using an AMR 1820 (AMRay Co., Bedford,
MA) scanning electron microscope. All samples
were sputter-coated with gold before micro-
scopic observations were obtained. SEM images
were taken at an accelerating voltage of 10 kV
at various magnifications.
Particle Morphology Analysis
Particle size distribution was characterized using
a Morphologi G3S system (Malvern Instruments,
Ltd., Malvern, Worcestershire, UK). Operation
procedures were detailed in a previous study
(Peng et al 2012). In this study, volumes of 3
and 5 mm3 were used for CNC and NFC, respec-
tively. A standard operating procedure was devel-
oped for all measurements. Five measurements
were performed for each sample. Effects of the
three process parameters on the mean circle
equivalent (CE) diameter (Peng et al 2012) of
the particles were evaluated through a one-way
analysis of variance (ANOVA) with a 0.05 sig-
nificance level. A statistical model was used to
represent the mean value of the CE diameter of
dried CNF particles.
Yijkl ¼ mþ ai þ bj þ gk þ abð Þij þ agð Þik
þ bgð Þjk þ abgð Þijk þ eijkl
where i ¼ 1, 2; j ¼ 1, 2; k ¼ 1, 2; and l ¼ 1, 2, 3,
4, 5. Yijkl is mean CE diameters of the particles
measured. m is population mean CE diameter of
the CNF particles. The effect of gas flow rate,
liquid feeding rate, and solid concentrations on
the population mean CE diameters of the par-
ticles are represented by ai, bj, and gk. Effects
of the interactions between two of the three
process parameters on the mean CE diameter
are symbolized as (ab)ij, (ag)ik, and (bg)jk. The
interaction effect among the three parameters on
the CE diameter is represented by (abg)ijk. The
errors in this model (eijkl) were assumed to be
independently, identically, and normally distrib-
uted. Additionally, high sensitivity (HS) circu-
larity (the particle area divided by the perimeter
square of the actual particle image) and aspect





Spray-drying of NFC suspensions formed fibrous
and agglomerate particles (Fig 1). From previous
Table 1. Experimental design of spray-drying experiments















1 410 4.5 1 100 93
2 540 4.5 1 75 91
3 410 8.0 1 86 87
4 540 8.0 1 74 84
5 410 4.5 2 103 94
6 540 4.5 2 89 92
7 410 8.0 2 93 88
8 540 8.0 2 76 84
NFC, nanofibrillated cellulose; CNC, cellulose nanocrystals.
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Figure 1. Scanning electron microscopy micrographs of spray-dried nanofibrillated cellulose as a function of different
process parameters.
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research (Peng et al 2012), NFC exhibiting both
needle-like fibril shape and large cell wall sec-
tions (chunks) occurred in the original suspen-
sion. After spray-drying, single large cell wall
sections were obtained separately (Fig 1b) in dry
form particles with a width in the range of 2-4 mm
and length from 4-10 mm. A few particles with
lengths about 20 mm were also observed (Fig 1).
Morphology of the dried particles in this size
range is mainly determined by the original par-
ticle size and morphology. Fibril particles with
diameters about 300-400 nm were also observed
in Fig 1. With different spray-drying parameters,
different particle morphologies were obtained. For
spray-drying conducted at the same liquid feed
rate (4.5mL/min) and solid concentration (1wt%),
most of the particles were separated fibrous
materials under a higher gas flow rate 540 L/h
(Sample 2 in Fig 1), whereas agglomerates and
fibrous materials occurred for samples dried under
a lower gas flow rate of 410 L/h (Sample 1 in
Fig 1). Observations of Fig 1c-h indicated that
different spray-drying parameters formed parti-
cles with various proportions of fibrous materials
and agglomerates. More agglomerates appeared
to be produced for suspensions dried at a higher
liquid feed rate (8 mL/min) (Fig 1c, d, g, and h).
More moisture needs to be evaporated per unit
time at a higher liquid feed rate, causing the
evaporation rate to decrease. Moisture content of
the powders would increase, and more agglomer-
ates would form. This hypothesis can be sup-
ported by examining outlet temperatures of the
spray-dried particles. Under the same gas flow
rate and solids concentration, the outlet tem-
perature of the suspension dried with a higher
liquid feed rate (8 mL/min) was lower than those
dried at a lower liquid feed rate (4.5 mL/min)
(Table 1). The outlet temperature is the maxi-
mum temperature the collected powders experi-
enced during spray-drying. The lower the outlet
temperature, the higher the residue moisture con-
tent of the dried particles.
SEM micrographs of the spray-dried CNC are
shown in Fig 2. All the dried CNC particles
exhibited similar morphology. Most particles
were irregular with external voids. A small por-
tion of spherical particles is also discernible in
each micrograph. In addition, the spherical par-
ticles were smaller than the irregular-shaped
particles. The length of CNC particles is gener-
ally between several hundred nanometers to
more than 10 mm. Spherical particles were less
than 1 mm in size, whereas irregular-shaped par-
ticles ranged from 1 to more than 10 mm. Some
irregular particles had mushroom cap shapes
(Fig 2e, g, and h), whereas some were doughnut-
shaped with a bottom layer (Fig 2). Based on
observations of the size and shape of the dried
CNC, spherical particles were expected to be
solid. The original CNC in aqueous suspension
exhibited needle-like fibrils (Peng et al 2012).
After spray-drying, the needle-like fibrils agglom-
erate to form spherical and irregular particles with
minimum particle size equal to or greater than the
length of original CNC fibrils. In some instances,
small spherical particles were located inside the
mushroom cap-shaped particles (Fig 2f-h). Con-
sistent with drying NFC, the outlet temperature
for drying CNC at the 8-mL/min feed rate was
lower than those dried at a feed rate of 4.5 mL/min
with the same gas flow rate and suspension
solids concentration.
Proposed Particle Formation Mechanisms
As the NFC suspension flowed through the
atomization system, two different droplets were
formed in the drying chamber (Fig 3). Because
of the original size and morphology of the
NFC fibrils in suspension, long and large cell
wall sections coexisted with relatively short and
skinny NFC fibrils (Peng et al 2012). For the
first situation, the original length of NFC fibril
was greater than the diameter of the formed
droplet. At the same time, the NFC fibril was
stiff enough to protrude outside the droplet
(Fig 3). The other situation is that all the NFC
fibrils were contained inside the droplet. In the
second kind of droplets, a portion of the NFC
fibrils may have been longer than the diameter
of the droplet. However, these NFC fibrils were
too soft to overcome the surface tension of water
and they were folded within the droplet. While
the NFC suspension droplets passed through the
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Figure 2. Scanning electron microscopy micrographs of spray-dried cellulose nanocrystals with different process parameters.
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Figure 3. Nanofibrillated cellulose particle formation mechanism during spray-drying.
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drying chamber in contact with hot gas, evapora-
tion of water occurred. The evaporation process
for a single suspension droplet was complex,
involving several drying stages with different
drying rates (Brinker and Scherer 1990; Scherer
1990; Mujumdar and Devahastin 2000). When
NFC suspensions were dried at an inlet tempera-
ture of 175C, the proposed droplet temperature
history followed the gray line in Fig 4 based on
the measured spray-drying outlet temperatures
and related studies described in the literature
(Farid 2003; Patel et al 2005; Handscomb et al
2009). At the same time, coupled with the
increase in the temperature of NFC droplets,
the gas temperature decreased from the inlet
temperature (175C) to the same temperature
as the dried NFC droplet (black line in Fig 4).
In the first stage (AB in Fig 4), the droplet
containing NFC was heated rapidly to the wet
bulb temperature. No evaporation occurred in
this stage. Then the second stage of evaporation
occurred at a constant rate (Phase BC in Fig 4).
At this second stage (BC), the NFC droplet tem-
perature was assumed to remain at the wet bulb
temperature until the free water on the droplet
surface was zero. Because of the free water
evaporation, the droplet shrank and the size of
the droplet decreased. With NFC fibrils con-
tained inside, the surface of the spherical drop-
let became irregular because of the dissimilar
shrinkage and dispersion of the NFC fibrils. As
evaporation proceeded, NFC concentration builds
up on the surface and they become closely
packed or entangled. As a result, a crust (solid
phase) was formed on the droplet surface and
shrinkage of the droplet terminated (point C).
The solid phase formed on point C also limited
the water diffusion from inside the droplet to the
surface, resulting in a decreased rate of drying.
Spray-drying samples (2, 3, 4, 6, 7, and 8) were
finalized during the third stage (CD) with the
corresponding outlet temperatures 75, 86, 74, 89,
93, and 76C. When the droplet temperature
continued to increase, the boiling temperature of
water was approached and vaporization of water
occurred inside the droplet. This was the situa-
tion for spray-drying of sample 1 with the outlet
temperature of 100C. The temperature profiles
for this phase of NFC droplet and gas are shown
as dotted lines in Fig 4. At this stage, the drying
rate is controlled by the external heat transfer
from gas to particle. In the last stage (EF in
Fig 4), the particle temperature could further
increase to the temperature of the surrounding
gas (point F) if the gas temperature was higher
than the boiling temperature. The existence of
this fifth stage depended on the inlet tempera-
ture and process parameter settings of the spray-
dryer. In this study, it is hypothesized that NFC
sample 5 experienced the five drying stages
with the outlet temperature of 103C (dashed
lines in Fig 4). With the different temperature
histories, different morphologies of dried NFC
particles occurred. Also, the solid particle size
and the properties of the formed crust may
have influenced the formed particle morphology
(Walton and Mumford 1999; Vehring 2007;
Handscomb et al 2009). When drying spherical
NFC droplets, dimpled or wrinkled particles were
formed (Figs 1 and 3). For droplets with long
fibrils protruding, rod-like particles were formed
with small fibrils adhering to the surface (Fig 3).
With the same process parameters, spray-drying
of the CNC suspensions formed particles with
significantly different morphologies from those
of NFC samples (Figs 1 and 2). This was par-
tially caused by the different droplet tempera-
ture history between CNC and NFC droplets
in the drying chamber. In spray-drying CNC
Figure 4. Temperature history for nanofibrillated cellu-
lose and cellulose nanocrystal (CNC) droplets in the spray-
drying chamber according to outlet temperatures.
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suspensions, droplets may only experience the
first three drying stages because the measured
outlet temperatures for CNC samples were all
below 100C. The temperature profile with time
for the CNC droplets is the gray solid line in
Fig 4. Another main contribution to the different
morphology between NFC and CNC was the
much smaller size and narrower size distribution
of CNC in the aqueous suspension compared
with NFC. A single peak from 712-1484 nm was
observed for the NFC sample, whereas two peaks
were obtained for the CNC sample: 1) from
24-44 nm; and 2) from 91-295 nm (Peng et al
2012). During droplet drying, only spherical
droplets were formed after atomization of the
CNC suspensions, and the smaller size of needle-
shaped CNC fibrils could be easily rearranged
inside the spherical droplet. This was not the
case with the NFC droplets. NFC fibrils were
easily entangled to resist the diffusion forces
Figure 5. Demonstration of spray-drying of cellulose nanocrystal droplets.
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associated with evaporation. By flowing along
with the hot air in the drying chamber, an
indentation on the top surface of the spherical
CNC droplets was created by the dynamic air
drag (Fig 5a) (Lane 1951) and mushroom cap-
shaped and donut-shaped particles were obtained
(Fig 2). At the same time, smaller particles were
deposited into the larger particles via blowholes
or craters, which were formed by the indentation
on the top surface (Figs 2f-h and 5b-d). Although
the spherical NFC droplets went through the
same drying process, the entanglement of longer
NFC fibrils in the droplet prevented the defor-
mation caused by resistance to the airflow. No
mushroom cap-shaped or donut-shaped particles
occurred in the NFC samples.
Particle Size Distribution
Statistical mean values of the CE diameter, HS
circularity, and aspect ratio for the dried NFC
and CNC samples are shown in Table 2. The CE
diameters of NFC and CNC were Gaussian dis-
tributed. HS circularity values indicate that the
CNC particles more closely resembled a circle
than those of NFC particles (A perfect circle
has an HS circularity of 1, whereas an irregular
object has an HS circularity value closer to 0).
Also, aspect ratios of NFC samples were smaller
than those of CNC samples. The one-way ANOVA
calculations used to evaluate the effect of the
three spray-drying process parameters on mean
CE diameters of CNC andNFC samples are shown
in Table 3. The results show that the three oper-
ating variables interacted to significantly affect the
mean CE diameter of CNC samples (p¼ 0.0011),
whereas they did not interact to affect the mean
CE diameter of NFC samples (p¼ 0.6633). Mean
CE diameters with different samples were com-
pared for NFC and CNC, respectively (Fig 6).
For NFC particles with the same gas flow rate of
540 L/h, spray-drying of a higher concentration
Table 2. The CE diameter, HS circularity, and aspect ratio of spray-dried CNF.
Sample
CE diameter mean (mm) HS circularity mean Aspect ratio mean
NFC CNC NFC NC NFC CNC
1 4.26 (0.24) 4.44 (0.22) 0.77 (0.03) 0.82 (0.01) 0.669 (0.011) 0.729 (0.006)
2 4.35 (0.47) 3.62 (0.09) 0.73 (0.03) 0.83 (0.01) 0.664 (0.007) 0.746 (0.003)
3 4.24 (0.09) 4.57 (0.21) 0.77 (0.02) 0.82 (0.02) 0.678 (0.007) 0.745 (0.007)
4 4.09 (0.22) 3.61 (0.15) 0.75 (0.02) 0.85 (0.01) 0.668 (0.011) 0.771 (0.008)
5 4.27 (0.14) 4.08 (0.20) 0.80 (0.01) 0.81 (0.06) 0.682 (0.005) 0.751 (0.008)
6 4.10 (0.33) 4.05 (0.10) 0.75 (0.01) 0.83 (0.01) 0.667 (0.009) 0.754 (0.003)
7 4.21 (0.10) 4.59 (0.24) 0.78 (0.01) 0.86 (0.01) 0.683 (0.004) 0.773 (0.004)
8 3.95 (0.28) 3.64 (0.05) 0.78 (0.02) 0.86 (0.01) 0.661 (0.007) 0.777 (0.005)
CE, circle equivalent; HS, high sensitivity; CNF, cellulose nanofibril; NFC, nanofibrillated cellulose; CNC, cellulose nanocrystals.
Table 3. One-way analysis of variance on mean circle equivalent (CE) diameter of nanofibrillated cellulose (NFC) and




Sum of squares Mean square F value p value
NFC CNC NFC CNC NFC CNC NFC CNC
Corrected total 39 2.7952 7.1960
Model 7 0.5872 6.2525
G 1 0.1525 4.7403 0.1525 4.7403 2.21 160.77 0.1469 <0.0001
F 1 0.1575 0.0276 0.1575 0.0276 2.28 0.93 0.1406 0.3409
C 1 0.1071 0.0081 0.1071 0.0081 1.55 0.28 0.2218 0.6033
G*F 1 0.0681 0.6996 0.0681 0.6996 0.99 23.73 0.3281 <0.0001
G*C 1 0.0856 0.3980 0.0856 0.3980 1.24 13.50 0.2738 0.0009
F*C 1 0.0031 0.0006 0.0031 0.0006 0.04 0.02 0.8345 0.8910
G*F*C# 1 0.0133 0.3783 0.0133 0.3783 0.19 12.83 0.6633 0.0011
Error 32 2.2080 0.9435 0.0690 0.0295
a The three processing parameters are represented by G, gas flow rate, F, liquid feeding rate, and C, solids concentrations of cellulose nanofibril in suspensions.
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of NFC (2 wt %) suspension with higher liquid
feeding rate (8 mL/min) produced particles
(sample 8) with a significantly smaller mean
CE diameter (3.95 mm) compared with drying
of lower (1 wt %) solids content of NFC suspen-
sions at lower liquid feeding rate (4.5 mL/min)
(4.35 mm for sample 2). According to spray-
drying process literature (Rizkalla and Lefebvre
Figure 6. Comparison of mean circle equivalent (CE) diameters among (a) nanofibrillated cellulose (NFC) and (b) cellulose
nanocrystal (CNC) samples with different process parameters. Capital letters A, B, and C in (a) and (b) represent significant
differences among the CE diameters.
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1975; Schick 2006; Hede et al 2008), an increase
in liquid feeding rate and liquid viscosity (high
solids concentration) should increase particle size.
In this study, the opposite result was obtained.
The interaction effect between liquid feeding
rate and suspension concentration on particle
size may contribute to this conflicting result. The
conflicting result may also be mainly caused by
the relatively large size of the original NFC fibrils
in the suspension compared with the formed
droplets through the spray dryer. This possibility
can be demonstrated by the fact that no signifi-
cant difference was observed for all the other
samples produced with different spray-drying
parameters. Another possible explanation is that
the process parameters examined in this study
were not varied enough to distinguish differences
among the spray-dried NFC particles based on
particle size characterization.
For the CNC samples, different spray-drying
parameters resulted in different particle sizes.
With the same suspension concentration and
liquid feeding rate, the CE diameters of CNC
particles produced at a gas flow rate of 540 L/h
were significantly smaller than those dried at
410 L/h gas flow rate (Fig 6; Table 2). Higher
gas flow rates should produce particles with
smaller size (Lefebvre 1989; Hede et al 2008).
The only exception was drying 2 wt % CNC sus-
pensions at slower feeding rate (4.5 mL/min). No
significant difference in the mean CE diameter
was observed for drying such CNC suspensions
at 410 and 540 L/h gas flow rate. The explana-
tion for this exception is that the effect of sus-
pension concentration and liquid feeding rate on
the particle size may compensate for the effect
of gas flow rate. No general trend was found for
the effects of suspension solids content and
feeding rate on the mean CE diameters of dried
CNC particles. The interaction among the three
operating variables made analysis of the spray-
drying parameters complex. Each material
required specific drying conditions to produce
desired particle characteristics. Of all the fac-
tors influencing mean CE diameter of the dried
CNF particles, gas flow rate appeared to be
the most important. Following the analytical
results for the process parameters examined, the
spray-drying parameter combination of 540 L/h
gas flow rate, 8 mL/min liquid feeding rate,
and 2 wt % solids concentration was proposed
as the optimum processing condition for spray-
drying of CNF suspensions. The smallest mean
CE diameter can be obtained with these parame-
ters in this study. Also, a higher solids concentra-
tion (2 wt %) and higher feeding rate (8 mL/min)
could potentially increase the throughput of spray-
drying CNF.
The statistical distribution curves for CE diame-
ter, HS circularity, and aspect ratio from one
measurement of CNC and NFC particles dried
under the selected optimum process parameters
are shown in Fig 7a-d. CE diameters of the NFC
and CNC samples showed similar Gaussian dis-
tribution. The CNC particles exhibited a slightly
narrower distribution for CE diameter than
those of the NFC particles. The standard percen-
tile readings D [n, 0.1], D [n, 0.5], and D [n, 0.9]
of the CE diameter derived from the statistical
distribution were 1.60, 3.06, and 6.34 mm for
CNC, whereas the standard percentile readings
for NFC samples were 1.52, 3.18, and 7.27 mm.
The surface- (D [3, 2]) and volume-weighted
(D [4, 3]) means of the CE diameters of CNC
and NFC are also documented in Fig 7e. Fre-
quency curves of the HS circularity values, which
were used to quantify how closely the particle
shape resembles a circle, are indicated in Fig 7c.
Number basis data of CNC and NFC showed a
similar trend on HS circularity, whereas a larger
volume of NFC was found to exhibit irregular
shapes, matching the observations from the
SEM micrographs. Aspect ratio distributions of
the CNC and NFC samples are shown in Fig 7d.
More particles of the NFC samples had a lower
aspect ratio (irregularly fibrous shape) than those
of the CNC samples.
CONCLUSIONS
Effects of three spray-drying process parameters
on morphology and particle size distribution of
dried NFC and CNC were evaluated using SEM
and a morphological analyzer. Spray-drying of
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NFC formed agglomerates and fibrous mate-
rials depending on the original fibril property in
the formed droplets. Spray-dried CNC formed
spherical and mushroom cap (or donut) -shaped
particles because of the interaction between air-
flow and droplets. The particle morphology and
particle size depended on the drying nature of
the materials. Statistical analysis showed that
the three parameters interacted to significantly
affect the particle size of CNC samples, whereas
they did not interact to affect the particle size
of NFC samples. Gas flow rate was the most
important impact factor influencing particle size.
For CNC suspensions, a higher gas flow rate
produced smaller particle sizes. This was not the
case for the NFC suspensions. No obvious trend
was obtained for the effect of liquid feeding rate
and solids concentrations on CNF particle size.
The particles with the smallest mean CE diame-
ters produced in this study were 3.95 mm for
NFC and 3.64 mm for CNC. The study of other
methods to decrease the CNF particle size during
the spray-drying process, such as using sur-
factants to decrease suspension liquid surface
Figure 7. Quantitative characterization of particle size of cellulose nanocrystal (CNC) and nanofibrillated cellulose
(NFC) samples with proposed optimum spray-drying process parameters: number basis data of circle equivalent (CE)
diameter (a, undersize curves and b, frequency curves), high sensitivity (HS) circularity (c, frequency curves), aspect ratio
(d, frequency curves), and standard percentile readings of CE diameters based on number (e). Numbers in parentheses
of (e) are standard deviation of five measurements.
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tension and chemical modification to decrease
CNF surface energy, is ongoing.
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